Elasticity of interfuel substitution between renewable and non-renewable energy is a key to establish effective climate change policy.This is the first study estimating the elasticity of substitution between different fossil fuels and renewable resources. We use twelve manufacturing industry level data for the OECD countries over 1995 to 2009. We find complementally relationship from non-renewable energy to renewable energy in eight industries while substitute relationship holds for four industries. In particular, food and pulp industries have strong complementally relationship.
Introduction
Climate change threatens future well-being and stability. Large cuts in the carbon emissions are required to mitigate negative effects of climate change. It necessitates a transformation of world economies from fossil fuel based to de-carbonized economies, and technical change plays a major role in de-carbonizing the production, investment, and consumption activities (Kumar and Yalew, 2012; Managi et al., 2012) . Therefore, the substitution of renewable resources for fossil fuels is at the heart of climate change mitigation policy. Acemoglu et al. (2012) analyze technical change in the growth model with environmental and resource constraints to discuss the substitution pass from fossil fuels (dirty inputs) to renewable (clean inputs) resources. The elasticity of substitution is a key in understanding the evolution of technical change between fossil fuels and renewable resources.
Because of the lack of elasticity estimates in the literature, they assume two different values of elasticity where both of them are high (Acemoglu et al., 2012) . As a future research, they suggest to estimate the relevant elasticity of substitution between fossil fuels and renewable using industry-level data. We contribute to this task by estimating the Morishima elasticity of substitution (MES) between different fossil fuels and renewable resources using industry level data for the OECD countries. Market demand of renewable resources has been growing over years. Total renewables supply grew by 2.4% per annum between 1971 and 2008 while 1.3% per annum for total primary energy supply in OECD countries (OECD, 2010) . Behind this background, there are three reasons which are increasing of fossil fuel price, cost of renewable energy decrease due to technological progress, and policy target to reduce GHG emissions. According to Apergis and Payne (2014) , real coal prices, and real oil prices are each positive and statistically significant to renewable energy consumption. In 2008, European commission set the 20-20-20 target which is targeted to reduce 20% of GHG emission, decrease 20% of primary energy use, and increase 20% of renewable energy use.
Inter-fuel substitution is seen as a promising venue in meeting the growing challenge of climate change and industries have substituted fuels considering their constraints. There have been a large number of empirical studies to quantify the potential for switching between electricity and other fuels focusing on fossil fuels (Halvorsen, 1977; Jones, 1995; Bjørner and Jensen, 2002; Stern, 2012) . They found that electricity is generally a weak substitute for other energy inputs (such as coal, oil, and gas). But none of these studies estimate the substitutability between conventional fossil fuels (including electricity) and renewable resources. Steinbuks (2012) suggests the use of industry level data to avoid measurement error associated with aggregation over industries. It is clear that the required investment and knowhow for switching energy vary by industries because the reasons of energy use are different (Fujii and Managi, 2013 ) (e.g. intermediate materials or combustion; see Appendix 1 for detail). That is elasticity is different over industries. Additionally, relative price between renewable and non-renewable energy is different among industries and change over time due to technological progress that needs to be controlled (Kuper and van Soest, 2003) .
We also test the effect of Kyoto protocol on the estimation of shadow price of carbon dioxide (CO2). Kyoto protocol is the first market mechanism and international agreement to reduce greenhouse gas emissions. Industrial sector might change their energy use strategy after Kyoto protocol adopted or enforced. Another objective of this study is to understand how each manufacturing sector changes the energy use after Kyoto protocol, focusing on the inter-fuel elasticity, shadow price of CO2, and productive efficiency.
Our results show there is complementally relationship between renewable and nonrenewable energy. Some of the manufacturing sectors might have complementally relationship between renewable and non-renewable energy because of their industrial characteristics (see Karltorp and Sandén (2012) for technological reason). Thus, we clarify that elasticity by industries and also find shadow price increases after the Kyoto protocol.
The rest of the paper is organized as follows: Section 2 introduces previous studies about inter-fuel energy substitution and methodological development of elasticity index.
Section 3 describes our methodology. Section 4 presents the data used in the study. Results on the basis of the parameters of directional output distance function are discussed in Section 5. The paper concludes in Section 6.
Background

2-1. Interfuel energy substitute
Interfuel substitution and the substitutability of energy and other factors of production determine the effects of output growth and fuel prices on the demand for energy and indirectly to the CO2 emissions. They have been of interest in a large number of energy demand studies since the early 1970s (see Stern, 2012 for extensive review). Most of them use a flexible functional form for the underlying aggregator function (e.g., Pindyck 1979 ).
This approach of energy demand involves specifying a twice differentiable translog functional form of cost function, and applying Shephard's lemma to derive the resulting cost share (or input-output) equations.
Using these equations with relevant data, they estimate the parameters of the demand for fuels. These include the own-and cross-price elasticities as well as the elasticities of substitution. Although the role of energy in the structure of production has been the focus of a large number of empirical studies, the evidence on inter-factor and inter-fuel substitutability is mixed. The early studies by Berndt and Wood (1975) and Magnus (1979) all use time series data for a single country and found substitutability between energy and labor, but complementarity between energy and capital. Also, Fuss (1977) find oil, gas and coal to be substitutes using Canadian data, but found no substitutability between each of these energy inputs and electricity. Moreover, Pindyck (1979) find energy and labor to be substitutes and also energy and capital to be substitutes, and not complements as earlier studies had indicated.
Some recent studies focus on the specific industries in one country (Fujii et al., 2010; Assaf et al., 2011; Barros et al., 2012) . Floros and Vlachou (2005) analyze interfuel substitution and effect of carbon tax using manufacturing sectors data in Greek. They find that electricity and diesel, and electricity and mazout are substitutes, while diesel and mazout are complement in most manufacturing sectors. Bousquet and Ladoux (2006) estimate substitution of fossil fuels in France. They conclude that increasing the price of energy possibly modifies the number of energy used by the firm.
Many of the literature ignore the theoretical regularity conditions of microeconomic theory (see Serletis et al. 2009 ). Serletis et al. (2009) estimate the inter-fuel elasticity of substitution for a set of developed and developing countries using the time-series of 1980 to 2006. They estimate the elasticities not only at the aggregate level but at sectoral level also.
They apply the normalized quadratic cost function and estimate the corresponding inputoutput equations subject to the theoretical regularity conditions of Diewert and Wales (1987) .
2-2. Elasticity of substitution and productive inefficiency
Measurement of inter-fuel substitution elasticity is important for the energy and climate change mitigation policy. In the literature two approaches are used for measuring the inter-fuel partial substitution elasticity between two variables 1 . Balckorby and Russell (1989) finds that the Allen elasticity of substitution is uninformative in the case of more than two inputs and suggest the use of MES. MES examines how changes in the price ratio of inputs affect the quantity ratio of inputs. Inputs are Morishima substitutes (complements) if an increase in the price ratio of inputs causes quantity ratio to increase (decrease). In this study we examine MES between coal, electricity, natural gas, oil and oil products, and renewable resources used in the various industries in OECD countries.
To estimate MES between different fuels and to obtain shadow prices of CO2 emissions, we model a production process that consider both the production of good output (value added) and CO2 emissions. We apply the directional output distance function of a multi-output production frontier models (Chambers et al., 1996) . In production theory, the directional output distance function is dual to the revenue function (Managi, 2010) . One can exploit that duality to derive shadow price estimates for CO2 emissions. Directional distance function can be estimated either parametrically or non-parametrically. Here, we apply parametric estimation 2 .
Parametric estimation of directional output distance function can be provided both econometrically or deterministically. Econometric estimation has the advantages in providing space for statistical noise and testing the various hypotheses over the deterministic estimation.
Parameterization must satisfy the axiomatic properties of the directional output distance function and enable the computation of marginal effects. This limits the set of possible functional forms considerably. The functional form captures the economically relevant information that exhaustively characterizes the behavior of economic agents. The flexible functional form also needs to provide a second order differential approximation (Chambers, 1988) .
Recently, Färe et al. (2010) The function inherits its properties from the production technology, P(x). The production technology is defined as:
The production technology may be modeled in alternative ways. The outputs are strongly or freely disposable if (y, b)∈ P(x) and (y', b')≤(y, b) ⇒ (y', b') ∈ P(x). This implies that if an observed output vector is feasible, then any output vector smaller than that is also feasible. This assumption excludes production processes that generate pollutants that are costly to dispose of. Concerns for CO2 emissions reduction require that these should not be considered freely disposable. In such cases, CO2 emissions are considered weakly disposable:
(y, b)∈ P(x) and 0 ≤θ ≤ 1 ⇒ (θ y, θ b) ∈ P(x). This implies that CO2 emissions disposal is costly and that abatement activities would typically divert resources away from the production of marketable outputs, leading to lower marketable outputs for given inputs or the employment of more resources for a given level of marketable output. Marketable outputs are assumed to be null-joint with the pollutants. 3 Formally, the directional output distance function is defined as:
3 Null-jointness implies that a firm cannot produce marketable outputs in the absence of pollutants, The directional output distance function derives its properties from the output possibility set, P(x) (see Färe et al., 2005) . 4 These properties include monotonicity conditions for marketable outputs and pollutants, and, from its definition, a translation property that is the additive counterpart to the homogeneity property of the Shephard distance functions. The translation property implies that:
Moreover, the advantage of a directional output distance function is that it allows one to consider disproportional changes in outputs, and makes it possible to expand one output while reducing another. The distance function takes the value of zero for technically efficient output vectors on the frontier, whereas positive values imply inefficient output vectors below the frontier. The higher the value, the more inefficient is the output vector.
The Morishima elasticity of substitution (MES)
A directional output distance function can be used to measure the interaction between different outputs, as it completely describes the production technology, including curvature.
The curvature measures the ease with which marketable outputs can be substituted with pollutants, and the ease with which pollutants are substituted for one another in the production process. The curvature can be quantified using the concept of MES, which is the ratio of relative change in the shadow prices of marketable output and pollution to the relative change in pollution intensity (i.e., the ratio of bad output to good output). Following Blackorby and Russell (1989) , the indirect MES between outputs may be defined as:
4 For the properties of directional output distance functions, see Färe et al. (2005) .
where p stand for the prices of energy inputs. In terms of directional output distance function, the MES following Färe et al. (2005) between different fuels can be specified as:
Where x * are the frontier values of energy inputs. The sign and magnitude of Mij is of particular interest. It reveals the ease of substitution or complementarity between two energy inputs. Positive signs of MES imply that energy inputs are substitutes for one another, i.e., the reduction in the relative shadow price ratio of two energy inputs due to a reduction in the relative intensities of energy inputs. But a negative sign implies that the two fuels are complements to one another, i.e., reductions in one fuel lead to reductions in the other fuel.
Moreover, the MES are not symmetric, i.e.,
. This is as it should be and allows for asymmetry in the substitutability of different inputs. The output distance function projects the observed output vector onto the boundary of the output set by increasing all outputs proportionally including pollutants. However, in case of a directional output distance function, it is possible to project to the frontier in a direction that decreases pollutants and increases marketable output. Färe et al. (2005) estimated the marginal abatement cost for SO2 emissions using a directional output distance function.
Murty et al. (2007) and Kumar and Managi (2011) estimated the marginal abatement cost functions for air and water pollutants, respectively. The derivation of marginal abatement 5 The MES measures the effect of change in the price of one output to the output ratio of the same output and one other. The MES has the special feature of being asymmetric that is Mij≠Mji, unless the directional distance function is a member of the CES-Cobb-Douglas family. Asymmetry implies that the MES evaluates the substitutability with respect either the one or the other price. When the number of outputs exceeds two, any substitution elasticity is partial. An equal percentage change of the one or the other output price incurs different changes to the optimal output ratio, and therefore the substitution elasticity is inherently asymmetric (Blackbory and Russel, 1989) .
costs using a distance function requires the assumption that one observed output price is its shadow price. Let y1 denote the marketable output, and assume that the observed marketable output price equals its absolute shadow price ( s o r r 1 1 = ). Färe et al. (2005) have shown that the marginal abatement cost for pollutant, bi (i = 2,..., N) can be derived as,
In our case there is a single bad output, CO2 emissions. Firms can follow different approaches to reduce the CO2 emissions, i.e., they can reduce the value added produced by the firms or increase the production efficiency of fossil fuels consumption or switch from the use of fossil fuels to renewable or use a mix of these different options. Following either of these options or a mix of options involves costs for the firms. Therefore, the shadow price derived using equation (7) can be interpreted as the cost of abatement of CO2 emissions.
The empirical model
The directional output distance function is parameterized using an (additive) quadratic flexible functional form following Färe et al. (2005) . The capital-labour-energy (KLE) production function specification is utilized for this study. Capital, labour and energy are taken as three inputs. Output is accordingly defined as total value of output minus the value of materials. This specification is based on the assumption that in the gross output production function, materials input is separable from capital, labour and energy. 6 For studying the role energy input in the production process in manufacturing industries, particularly the issues of energy substitution by other inputs, the KLE production function specification is arguably better than the KLEM (capital, labour, energy and materials) specification. It may be contended in this context that economic output is created by capital, labour and energy.
Materials used are a passive partner in the production process and do not contribute to value addition which is the essence of economic output (Lindenberger and Kummel, 2002) . It may be added that a number of earlier studies have used the KLE specification. These include Kemfert and Welscth (2000) and Klacek et al. (2007) . Also mentionable here is the study undertaken by Pindyck (1979) who assumed that labour, capital and energy are as a group weakly separable from materials input.
In our case, the particular form is expressed as follows, with one marketable net output (y1), CO2 emissions, two non-energy inputs (number of employees= x1, and capital stock= x2) and five energy inputs (coal = x3, electricity = x4, natural gas = x5, oil = x6 and renewable = x7) : 
Those constraints follow from the translation property, and
, where 1 refers to marketable output and -1 refers to CO2 emissions direction vector. Furthermore, t is time trend, and I are industry dummies and C are countries dummies. Time trend and its square capture neutral technological change, and its interaction terms with inputs and outputs measures embodied technological change. Industry and country dummies account for industry and country heterogeneity respectively.
The function in equation (7) can be estimated using stochastic techniques. Following Färe et al. (2005) , the stochastic specification of directional distance function takes the form:
σ and µ (one-sided error term) is assumed to be exponentially distributed.
To estimate (8) we utilise the translation property of the directional output distance function. As in Färe et al. (2005) , we choose the directional vector g = (1,-1), where 1 refers to gy and -1 refers to -gb, (see Figure 1 ). This choice of direction is consistent with revenue maximization hypothesis. The translation property implies that:
By substituting α α α
in (8) and taking α to the left hand side, we obtain:
where
is the quadratic form given by (4) with α added to y and subtracted from b. Thus one is able to get variation on the left-hand side by choosing an α that is specific to each industry. In our case it is CO2 emissions.
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The parameters of the quadratic distance function, as specified in equation (9), is estimated using maximum likelihood (ML) methods. Moreover, Greene (2000) shows that the gamma/exponential model has the virtue of providing a richer and more flexible parameterisation of the inefficiency distribution in the stochastic frontier model.
Gamma/exponential specification enjoys essentially the same properties as normal/halfnormal model with the additional advantage of the flexibility of a two-parameter distribution.
The primal advantage is that it does not require that the firm-specific inefficiency measures be predominately near zero (Greene, 1990) . The present study adopts ML estimation approach and assumes exponential distribution for one-sided error term.
To estimate the directional distance function, we divide each input and output by its industry specific mean value following Färe et al. (2005) . To invoke the translation property for estimating the directional output distance function, we choose α for each observation equal to the industry specific index value of the CO2 emissions. 8 Since the dataset covers 16 countries and 12 industries, we use country and industry dummies in the estimation of the directional distance function to account for country and industry specific effects in the pooled sample of 2,800 observations.
Data
We use 16 OECD countries and 12 industries dataset from 1995 to 2009 (see Appendix 2) 9 .
Financial data, which are value added, number of employees, and real fixed capital stock data were obtained from EU-KLEMS 10 . EU-KLEMS uses perpetual inventory methods for measuring the capital stock. For the aggregation over the different asset classes EU-KLEMS assumes that aggregate capital services are a translog function of the services of individual assets and the flow of capital services for each asset class is proportional to its stock. This implies that the fixed capital stock is a translog quantity index of individual assets in a particular industry (Timmer et al., 2007) . All financial data were deflated to 2005 prices. However, this database does not include electricity-derived CO2 emissions; therefore, we estimated electricity-derived CO2 emissions as the sectoral electricity consumption amount (kWh) multiplied by the CO2 coefficient (ton-CO2/kWh) for each country 11 .
To understand inter-fuel substitution among the non-renewable energy use, we categorized energy data into five groups: coal, oil, natural gas, electricity, and renewable energy following the definition given by IEA (see Appendix3). Renewable energy include biodiesels, biogases, bio-gasoline, geothermal, hydro, municipal waste (renewable), other liquid biofuels, primary solid biofuels, solar photovoltaic, solar thermal, tide, wave and ocean, and wind. Centre. EU KLEMS stands for EU level analysis of capital, labour, energy, materials and service inputs (http://www.euklems.net/). 11 Because we have difficulty to distinguish the electric power production source by type of industry, we apply the each country's overall average CO2 coefficient score to estimate electricity-derived CO2 emissions from industrial sectors. CO2 coefficient depends on the power generation technology and portfolio of electricity power generation (see Appendix 3). sources for production are different among industries (see Appendix 1). For example, Metal industry uses coal both as a fuel and for oxidation-reduction reactions in shaft furnaces. In this case, without technological innovation of the intermediate material technology, it is difficult to reduce coal consumption while maintaining the same level of steel production.
Thus, coal energy has large share in total energy use in Metal industry (see Table 1 correct materials of biofuels which is generated by production process.
Results
Technical inefficiency and potential improvement
The estimated parameters for the directional output distance function are presented in Table 2 .
We estimate two specification of the model; one using two energy inputs namely, renewable and non-renewable. Recall that non-renewables is the sum total of coal, electricity, natural gas, crude oil, oil products and heat energy use. The other specification of the model includes five separated energy variables in the estimation of directional distance function namely, coal, electricity, natural gas, oil and oil products, and renewable energy sources.
<Table 2 about here>
We find that the ML estimation parameters are statistically significant. Most of the first-order parameters have the expected signs and are statistically significant. Looking at the second-order parameters, it appears that they reveal interesting results. These, however, require a more detailed analysis to understand their ultimate influence. Thus, using the 12 According to IEA (2011), primary solid biofuels are defined as any plant matter used directly as fuel or converted into other forms before combustion.This covers a multitude of woody materials generated by industrial process or provided directly by forestry and agriculture (firewood, wood chips, bark, sawdust, shavings, chips, sulphite lyes also known as black liquor, animal materials/wastes and other solid biofuels). estimated coefficients, we are able to verify that the resulting distance functions satisfy regularity conditions (monotonicity and concavity conditions) for average values. For the directional output distance function to be well behaved, it needs to be non-negative and the constraints of monotonicity 13 , symmetry, and the translation property need to hold. In a stochastic estimation of the distance functions, translation and symmetry properties are
imposed, and monotonicity is tested for afterwards. We find that the monotonicity condition with respect to value added is satisfied by most of the observations. With respect to CO2 emissions all observations satisfy the monotonicity condition. Since we have used quadratic specification of directional output distance function implying non-homogeneity of the distance function. Chow test statistics of estimated parameters show that none of the industries are operating under the constant returns to scale.
14 Note that in both of the specification while estimating the directional output distance function we have included country and industry specific dummies to capture the country and industry specific heterogeneities. We find that industry and country specific dummies are statistically significant in both the specifications. Out of 11 industry specific dummies 8 and 6 are statistically significant in specification 1 and 2 respectively. Similarly, we observe that in first specification out of 15 country-specific dummies 10 are statistically significant and in the second specification all the country-specific dummies are statistically different from zero (appendix 5). The statistically significance of country-specific dummies reflects the heterogeneity regarding institutional arrangements/environmental regulation framework observed among the OECD countries. For example, the United States has not rectified the
Kyoto Protocol and the European Union countries have implemented the Emission Trading System (ETS). Such heterogeneity in institutional arrangements may have impact on
environmental technological innovations and adoptions and on the substitution possibilities between non-renewable and renewable energy sources.
The parameters associated with the time trend variable are of specific interest.
Negative parameters indicate positive changes in the technology, and a positive parameter indicates technological regression. We find presence of neutral and embodied technological change as the coefficients of time and its interaction terms with outputs and inputs are statistically significant. In both of the specification we find presence of neutral technological progress as the first order coefficient of neutral technological progress is negative, but the
14 In the first specification the F statistics is 334.86 and in the second specification its value is 251.53. second order coefficient is positive implying that though there is neutral technological progress that increases good output and reduces carbon emissions but further technological progress requires more efforts. The coefficients of interaction terms of time and inputs variables reflect the presence of embodied technological progress. Application of the econometric approach for estimating parameters allows us to test whether the distribution of the inefficiency term is significantly different from zero. The log-likelihood ratio test helps reject the null hypothesis of zero inefficiency, i.e., the energy intensive industries in the OECD countries are not operating at the frontier P(x), on average. The inefficiency estimates of ) ( ε µ E (i.e., the value of the directional distance function) are obtained for each observation. Table 3 shows industry-specific average estimates of technical inefficiency. For a representative energy intensive industry in the OECD countries and using the overall sample mean of inputs to produce the sample mean of outputs, the estimated value of the directional output distance function is 0.11 for specification 1 and 0.16 for specification 2. We find that the mining industry is the most inefficient, chemical and food industries are the most efficient in specification 1. In specification 2, construction industry is the most inefficient, and pulp industry is the most efficient of the model, industry in OECD countries. The reason that pulp industry is evaluated as efficient is that technological progress of biofuel use. The main renewable energy source in pulp industry is black liquor and investment and running cost of black liquor use become cheaper over year due to the technological progress (e.g. Black liquor gasification, see Naqvi et al. (2010) setting high priority to increase value added in these two industries to achieve economic development in low carbon society. While, electricity, metal, and mineral industry have large potential to reduce CO2 emissions but value added increase potential is small comparing with CO2 reduction potential. Therefore, high priority for CO2 reduction policy targeting inefficient production in these three sectors is effective to reduce CO2 emissions.
Elasticity and asymmetry inter-fuel substitution
Recall that the MES measures the relative change in shadow prices for different fuels due to relative changes in fuel quantities. As these are indirect elasticities, the higher its value (in absolute terms), lower is the degree of interaction between fuels. The MES at the industry level are shown in Tables advantage to produce biofuels by waste of production such as wood chip and plant stalk. In the meantime, waste amount of production usually depend on the production scale in manufacturing sectors, implying available amount of primary solid biofuels have positive relationship with the amount of total energy supply (Bright et al., 2010) . Thus, complementally relationship between renewable and non-renewable energy can exist.
However, the main reasons of complementally relationship are different among industries. From table 4, strong complementally relationship from renewable energy to nonrenewable energy in food industry (m52> 1) but not in pulp industry (m52< 1). This is because usage of renewable energy is different between pulp and food industry. Food industry is able to substitute natural gas and oil for combustion by primary solid biofuels in production process. In the meantime, pulp and paper industry use oil products as both combustion and intermediate material input, which make difficult to substitute oil product by biofuels (Wetterlund et al., 2011) .
From Table 4 , we observe asymmetric substitutional relationship between renewable and non-renewable energy. Especially asymmetric relationship between renewable and electricity is observed in electricity and machinery industries. There are several previous studies focusing on asymmetric inter-fuel substitution (e.g., Gately and Huntington, 2002; Griffin and Schulman, 2005) while, most of them focus on the inter-fuel substitution relationship among non-renewable energies. From our result, we find that there is asymmetric inter-fuel substitution relationship between renewable and non-renewable energy.
Additionally, this relationship is different among industry.
Our results do not support high possibility of substitution between fossil fuels and renewable resources in their simulations. This may be possible in the very long-run as the innovation widens the range of technological possibilities. But in the medium to short run at least these possibilities are less likely because neither gas nor coal can easily substitute for liquid fuels used in internal combustion engines. The elasticity is due to the inertia of existing equipment and to the technical constraints imposed on the system by the energy carriers that transform primary into final energy and into specific end-use energy services. Table 5 provide industry specific shadow prices of CO2. From Table 5 , the shadow price differs by industry. Construction and machinery industries have high shadow prices.
Shadow price of CO2
Meanwhile chemical, electricity, mineral, pulp industries have low shadow prices. It is supposed to be that in the industries there are possibilities of inter-fuel (fossil fuel to renewable) substitution lower should be the price of mitigating the CO2 emissions. This is weakly confirmed by the relationship between the shadow prices of CO2 emissions and the Morishima elasticity of substitution between fossil fuels and renewable. For example, we find complementarity between fossil fuels and renewable and the shadow prices are higher in this industry. Similarly it is supposed that the firms/industries which are technically inefficient they can mitigate the carbon emissions simply by increasing the technical efficiency and the shadow prices should be low for these firms/industries. But our results do not support this hypothesis. This may be due to the technological constraints faced by those firms which are technically inefficient. That is, these firms are technical inefficient due to the constraints of technological lock-ins which are making it costly to dispose off the carbon emission and shadow prices are higher as well it is difficult to find the possibilities of substitution between fossil fuels and renewable.
Moreover, because most OECD countries ratified Kyoto protocol, we consider industrial sector shift their strategy to more low carbon after Kyoto protocol adopted (in 1997) or Kyoto protocol into force (in 2005). Then, we divide our dataset into two groups which are "before Kyoto" and "after Kyoto" to check the differences of shadow price of CO2 between two groups. We apply the student t-test to check the significance of difference.
<Table 5 about here>
From Table 5 , there is a statistically significant difference before and after Kyoto protocol adopted (in 1997) in metal, chemical, electricity, mineral, pulp, textile, transport, and wood industries. In these industries, the shadow price in after Kyoto is significantly higher than before Kyoto. Additionally, we observe statistically significant differences of the shadow price before and after Kyoto protocol into force (2005) in all industries except construction and mining sectors. One interpretation of these results is increase of renewable energy use share which is more costly than fossil fuels. Main energy source in wood industries are renewable energy, especially primary solid biofuels (see Table 1 ). From our dataset, renewable energy use share in total energy use was increased from 26.5% before Kyoto to 38.8% after Kyoto in wood industry. According to Carriquiry et al. (2011) , cost of biofuel energy is much higher than fossil fuels. This information implies that shadow price of CO2 increases due to expansion of biofuel energy use in wood industry.
In general, we expect that CO2 shadow prices would be higher in sector where there is little substitution possibilities. However, we find in several sectors where renewables and fossil fuels are found to be complements, and CO2 shadow prices are low. They might be the sectors where the shadow prices can keep low by better management of CO2 and therefore substitution possibilities do not have to be searched for.
Conclusions
Elasticity of inter-fuel substitution between renewable and non-renewable energy is important to understand effective climate change mitigation policy. Because of the lack of elasticity estimates between renewable and non-renewable in the literature, numerical modeling needs to assume specific number and these are substitute. We estimate the Morishima elasticity of substitution between different fossil fuels and renewable resources using industry level data for the OECD countries.
Substitution relationship from non-renewable energy to renewable energy holds for four industries. We find complementally relationship between non-renewable energy and renewable energy in metal, chemical, construction, food, mineral, pulp, textile, and wood industries. In particular, food and pulp industries have strong complementally relationship.
Strong substitution relationship might be possible in the very long-run as the innovation widens the range of technological possibilities. But in the medium to short time period at least these possibilities are less likely because renewable energy have difficulty to substitute for fossil fuels used as intermediate products. The elasticity is due to the inertia of existing equipment and to the technical constraints imposed on the system by the energy carriers that transform primary into final energy and into specific end-use energy services.
We also found shadow price of CO2 increased after Kyoto protocol adopted in nine industries, and after into force in ten industries. Further researchers need to investigate more disaggregated analysis to capture the technological differences in detail. Additionally, elasticity estimation focusing developing countries is also needed because that is important information to set the target and obligation of post-Kyoto protocol.
Because difficulty of substitution between fossil fuels and renewable energy is different among industries, developing countries which will be industrialized need to select the plant location considering with industrial characteristics and easiness of biomass procurement, especially food industry and pulp and paper industry which have advantage to substitute renewable energy from fossil fuels. Intergovernmental Panel on Climate Change (IPCC) pointed that bio-energy with carbon capture and storage (BECCS) is effective approach to reach atmospheric concentration levels of about 450ppm CO2 equivalent by year 2100 in their fifth assessment report reports (IPCC, 2014). However, BECCS faces the task of land use problems (Tavoni and Socolow, 2013) . Therefore, location layout of industrial sector is needed to consider substitution elasticity between renewable energy and fossil fuel, and applicability of new GHG emission management approach. Note:*, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. 
